Recent surface chemistry experiments have shown that the hydrogenation of molecular oxygen on interstellar dust grains is a plausible formation mechanism, via hydrogen peroxide (H 2 O 2 ), for the production of water (H 2 O) ice mantles in the dense interstellar medium. Theoretical chemistry models also predict the formation of a significant abundance of H 2 O 2 ice in grain mantles by this route. At their upper limits, the predicted and experimental abundances are sufficiently high that H 2 O 2 should be detectable in molecular cloud ice spectra. To investigate this further, laboratory spectra have been obtained for H 2 O 2 /H 2 O ice films between 2.5 and 200 μm, from 10 to 180 K, containing 3%, 30%, and 97% H 2 O 2 ice. Integrated absorbances for all the absorption features in low-temperature H 2 O 2 ice have been derived from these spectra. For identifying H 2 O 2 ice, the key results are the presence of unique features near 3.5, 7.0, and 11.3 μm. Comparing the laboratory spectra with the spectra of a group of 24 protostars and field stars, all of which have strong H 2 O ice absorption bands, no absorption features are found that can definitely be identified with H 2 O 2 ice. In the absence of definite H 2 O 2 features, the H 2 O 2 abundance is constrained by its possible contribution to the weak absorption feature near 3.47 μm found on the long-wavelength wing of the 3 μm H 2 O ice band. This gives an average upper limit for H 2 O 2 , as a percentage of H 2 O, of 9% ± 4%. This is a strong constraint on parameters for surface chemistry experiments and dense cloud chemistry models.
INTRODUCTION
An important problem in astrochemistry is identifying the formation mechanism for the interstellar water (H 2 O) ice that coats the dust (e.g., van Dishoeck 2004) and constitutes a significant fraction of the oxygen budget in molecular clouds (Whittet 2010) . Although production in gas-phase chemical reactions followed by condensation onto dust grains is possible (Bergin et al. 1999) , the observational evidence strongly favors formation through chemical reactions on the surfaces of cold dust grains.
Three grain-surface pathways to H 2 O ice have been proposed, each of which have now been studied in the laboratory using modern surface science techniques (e.g., Watanabe & Kouchi 2008) . First, given the high abundances of O and H atoms available in molecular clouds, large amounts of H 2 O ice could be produced following the addition of two hydrogen atoms to an accreted oxygen atom (e.g., Watson & Salpeter 1972; Watson 1976) :
(1) Tielens & Hagen (1982) 
Theoretical models of these pathways have shown that each could contribute to H 2 O ice formation, depending on the cloud physical conditions (e.g., Tielens & Hagen 1982; Brown 1990; Hasegawa et al. 1992; Cuppen & Herbst 2007) . For example, Tielens & Hagen (1982) argue that in pathway (3) quantum tunneling of hydrogen atoms through the relevant activation energy barriers should produce predominately H 2 O ice mantles at densities n H < 10 5 cm −3 and mostly O 2 at higher densities. Pathway (1) has recently been demonstrated in the laboratory by Dulieu et al. (2010) . Laboratory support for pathway (2) comes from the surface chemistry experiments of Mokrane et al. (2009) which have confirmed that H additions to O 3 can form water molecules. However, as O 3 is assumed to form by O atom addition to O 2 , this is likely to be only a minor route to H 2 O ice in realistic grain mantles since O 3 production is probably not competitive with the reactions in pathway (1) for oxygen atoms (Cuppen et al. 2010) . Water production from solid O 2 via pathway (3), where the product OH radical can also be hydrogenated to H 2 O, has also been demonstrated in the laboratory experiments of Miyauchi et al. (2008) and Ioppolo et al. (2008) , although these experiments produced much more H 2 O 2 than H 2 O. However, more recent measurements by Oba et al. (2009) have shown that this pathway can produce ices with an H 2 O 2 abundance as low as 20% relative to H 2 O and they speculate that even lower H 2 O 2 abundances (∼3%), and Giguère & Harvey 1959; Miller & Hornig 1961; Lannon et al. 1971) was primarily aimed at understanding the H 2 O 2 structure and was measured at only a limited number of temperatures. Boudin et al. (1998) were the first to carry out a laboratory study of H 2 O 2 as a possible component of molecular cloud ices, determining an upper limit of 5.2% for H 2 O 2 relative to H 2 O in NGC 7538/IRS 9. They presented spectra from 2.5 to 20 μm (4000-500 cm −1 ) of H 2 O 2 /H 2 O mixtures and made a limited exploration of the potential effects of thermal processing by comparing the position and FWHM of the absorption features on their spectra at 10, 80, and 120 K. There is good observational evidence for thermal processing of molecular cloud ices (e.g., Smith et al. 1989; Ehrenfreund et al. 1998; Boogert et al. 2000) and this may in fact be the dominant process as one moves from cold clouds to protostellar environments, so it is important to understand its effects. This paper is organized as follows. We first present the results of a series of laboratory experiments measuring the near-and far-infrared spectra of H 2 O 2 /H 2 O ice mixtures initially formed at 10 K and then as they were warmed up to the point where they began to evaporate. Our aim is to identify spectral features unique to H 2 O 2 and to examine the effects of (1) varying the concentration of H 2 O 2 and (2) thermal processing on the strengths and positions of these features. The temperature range for these measurements, 10-180 K, covers temperatures typical of molecular cloud ices. As far as we are aware, this is the first study of the far-infrared spectrum of H 2 O 2 ice. Our results are complemented by existing measurements of pure H 2 O ice made with the same apparatus over the same temperature and wavelength ranges by Smith et al. (1994) and Maldoni et al. (1998) . The laboratory spectra are used to derive the integrated absorbances for all the major near-and far-infrared (up to 200 μm) H 2 O 2 absorption features. In order to establish the existence of H 2 O 2 , or to place upper limits on its abundance, we then make a comparison between our laboratory spectra and the observed spectra of a number of bright infrared sources either embedded in or lying behind molecular clouds. Finally, we discuss the implications of our results in the light of current surface chemistry experiments and astrochemical models. Near-infrared laboratory spectra of three H 2 O 2 /H 2 O ice films with the mass concentrations shown in each panel. The films were initially deposited at 10 K and then slowly warmed up in the temperature steps shown until they began to evaporate. The bottom spectrum in each panel is the initial 10 K film and all the spectra in that panel have been normalized by the peak absorbance of this spectrum. Spectra above 10 K have been shifted vertically by an arbitrary amount to facilitate the display of the entire series. The arrows indicate spurious features caused by incomplete cancellation of the background or residual trapped gasses (see the text).
RESULTS

Laboratory Materials and Methods
The laboratory setup used to make the infrared spectral measurements of thin H 2 O 2 /H 2 O ice films has already been described by Smith et al. (1994) and Maldoni et al. (1998) . The methodology used by these authors has been followed, except for some details of the process used to form the ice films, Figure 2 . Far-infrared laboratory spectra of three H 2 O 2 /H 2 O ice films with the mass concentrations shown in each panel. The films were initially deposited at 10 K and then slowly warmed up in the temperature steps shown until they began to evaporate. The bottom spectrum in each panel is the initial 10 K film and all the spectra in that panel have been normalized by the peak absorbance of this spectrum. Spectra above 10 K have been shifted vertically by an arbitrary amount to facilitate the display of the entire series.
which are described below. For the near-infrared 2.5-25 μm (4000-400 cm −1 ) measurements, H 2 O 2 /H 2 O solutions were introduced into an evacuated sample chamber which contained a CsI substrate cooled to 10 K by a closed-cycle helium refrigerator and positioned so that the infrared transmission spectrum of the substrate and any ice film deposited on it could be measured with a Nicolet 740 Fourier transform infrared (FTIR) spectrometer. For the far-infrared 20-200 μm (500-50 cm −1 ) Figure 3 . Effect of thermal processing on the peak wavelength of the 3.5, 7.0, and 11.3 μm H 2 O 2 ice features. The three different H 2 O 2 concentrations, 3%, 30%, and 97%, are represented by filled squares, filled diamonds, and filled circles, respectively. There are no data for the 11.3 μm feature from the 3% H 2 O 2 spectra because it is not detectable at this concentration.
measurements, the substrate was low-density polyethylene and the measurements were made with a model 20F optical bench attached to the Nicolet spectrometer. In each case the sample chamber windows were of the same material as the substrate. The spectral resolution was 4 cm −1 and each spectrum, including the background, comprised an average of 1024 spectrometer scans.
To form the ice films, a few drops of the sample solution were placed in a glass vessel attached to the sample chamber and frozen using liquid nitrogen. The sample chamber and the glass vessel were then evacuated and at least one thaw-freeze cycle under vacuum was carried out to remove any residual trapped gases. The substrate was subsequently cooled to 10 K. The sample was then allowed to thaw for a pre-determined period of time during which an ice film was gradually built up on the cold substrate. To maintain the integrity of the peroxide component while the ice film was forming, it was necessary to ensure that the H 2 O 2 solutions only came into contact with glass surfaces up to the point where they entered the sample chamber. Note that this method of forming a mixed H 2 O 2 /H 2 O ice film is different to that of Boudin et al. (1998) who produced their mixed films by simultaneous deposition of the subject and diluting gas through separate deposition tubes.
The H 2 O 2 samples were purchased as 30% by mass solutions of H 2 O 2 in H 2 O (Riedel-deHaën, 30% extra pure) and this was the concentration used for our first ice film measurements. The concentration of this solution was subsequently increased by trap-to-trap distillation and shaking under reduced pressure (∼10 −1 torr) to first 70% and then 99.5% H 2 O 2 by mass. At each stage the concentration was checked by acidic permanganate titration of a small portion of the sample solution. However, these concentrations are not the actual concentrations of the ice films that were ultimately measured. Because each ice film was formed by evaporation, the process of film formation is essentially one of distillation, thus the film will end up with a higher concentration of H 2 O relative to H 2 O 2 than the initial solution, by virtue of the higher volatility of H 2 O. In view of the obvious difficulty in measuring the concentrations of the ice films directly, we reproduced the film formation process in the laboratory by distilling 30%, 70%, and 99% H 2 O 2 solutions into glass flasks at 77 K and then measured the concentration of the distillate. Typical results are listed in Table 1 . Also included in Table 1 are the concentrations expressed as molar ratios to facilitate comparison with the work of Boudin et al. (1998) .
Laboratory Spectra
Near-infrared 2.5-25 μm (4000-400 cm −1 ) and far-infrared 20-200 μm (500-50 cm −1 ) spectra were measured for thin H 2 O 2 /H 2 O ice films with estimated final H 2 O 2 concentrations of 3%, 30%, and 97%. The ice films were first deposited at 10 K and then warmed up in 20 K steps below 110 K, and in 10 K steps above 110 K, until the film began to evaporate from the substrate. The warm-up was done slowly, typically allowing 30 minutes for a 10 K temperature change, to avoid any sudden energy input that might prematurely trigger a phase transition in the ice. These spectra are presented in Figures 1  and 2 , respectively, and the raw data on which they are based are presented in Tables 2-7 . The raw data are in units of absorbance, A ν , where A ν = log 10 (I 0 /I ), I 0 is the background intensity (before an ice film is deposited) and I is the intensity after an ice film is deposited. The wavelengths of all the absorption features in these spectra are listed in Table 8 .
There are features in the spectra of Figure 1 near 4.3 and 15.2 μm due to carbon dioxide (CO 2 ). In the case of the 97% spectra, the features are due to gas-phase CO 2 and result from incomplete cancellation of the background, so they do not affect the observed ice spectra. However, in the case of the 30% and 3% spectra the features could also indicate the presence of CO 2 within the ice film, not completely removed by our initial freeze-thaw cycle. Because this could potentially affect the observed spectral features, we have estimated an upper limit for the concentration of CO 2 with respect to H 2 O in these ice films. The CO 2 abundance was estimated using the strength of the 4.3 μm feature along with the integrated absorbance of the CO stretching vibration of CO 2 in H 2 O (d 'Hendecourt 1984) . The H 2 O abundance was estimated using the strength of the 3.08 μm feature corrected for the H 2 O 2 contribution along with the integrated absorbances determined in Section 2.3 below. The resulting CO 2 concentration upper limits are 4% for the 30% H 2 O 2 ice and 18% for the 3% H 2 O 2 ice.
For identifying H 2 O 2 ice in molecular cloud spectra, the key results from Figures 1 and 2 are the presence of features near 3.5, 7.0, and 11.3 μm unique to H 2 O 2 ice in the spectra below ∼130 K. However, the strength of these features depends on the H 2 O 2 concentration; at low concentrations (3%), the 3.5 μm feature is strong, the 7.0 μm feature is very weak, and the 11.3 μm feature is not detectable. At high concentrations (97%), the 7.0 μm feature is stronger than the 3.5 μm feature.
The effect of thermal processing on the peak wavelength and FWHM of these features is shown in Figures 3 and 4 . The peak wavelengths are relatively constant for amorphous ice. Even after the amorphous-crystalline phase transition near 130 K, although the features are split and the wavelengths have changed, the peak wavelengths are still relatively constant (the largest wavelength shift is only 0.5%). Except for the 3.5 μm 97% feature, the FWHM of all the features decreases with increasing temperature.
Other important features of the spectra are summarized below.
1. As might be expected, the 3% H 2 O 2 ice closely follows the behavior and appearance of pure H 2 O ice Maldoni et al. 1998) , including the amorphous to crystalline phase transition near 110-120 K. (This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.) O 2 ice, the peak wavelength of the 7.0 μm feature shows the most significant shift toward longer wavelengths at high concentrations.
Integrated Absorbances
To estimate abundances the integrated absorbances (absolute intensities) for the H 2 O 2 absorption features are needed. These were determined using the equation (Hudgins et al. 1993) , where N is the column density of absorbing molecules in the beam (in molecules cm −2 ), ν is the frequency (in cm −1 ), and
τ dν is the integrated band strength, τ being the optical depth. The resultant integrated absorbances (in cm molecule −1 ) for 97% H 2 O 2 ice at 10 K are listed in Table 9 .
The column density of absorbers depends on the ice film thickness, but our laboratory setup is such that spectra and film thickness cannot be measured simultaneously, so a separate experiment was carried out to measure the film thickness. Two solid-state lasers were attached to the sample chamber and oriented so that they reflected off the sample substrate at different incidence angles. An ice film was then deposited on the substrate and the interference pattern between the laser light reflected from the substrate and the surface of the ice film was monitored. The two unknowns for the ice film are its thickness and its refractive index-with two interference patterns we can solve for both. This provided an estimate of the refractive index for 97% H 2 O 2 ice at 10 K, 1.37 ± 0.05 at 670 nm, and allowed us to relate deposition time to film thickness. The column density also depends on the H 2 O 2 ice density-we used 1.6 g cm −3 from Loeffler et al. (2006) . Additionally, we assumed that the sample thickness is uniform over the area of the FTIR beam. There is also some uncertainty in the spectral baselines. Overall, this means there are very substantial uncertainties associated with the resultant integrated absorbances in Table 9 , perhaps as high as 50%. However, a better idea of the true uncertainty can be obtained by comparison with published H 2 O 2 ice integrated absorbances.
For the 3.5 μm feature the integrated absorbance in For the 7.33 μm feature, the integrated absorbance in Table 9 is a factor of 2.6 higher than the value of 7.0×10 −18 from Boudin et al. (1998) . However, the strength of the 7.33 μm feature (relative to the 3.5 μm feature) varies with H 2 O 2 concentration; in our 97% H 2 O 2 ice it is stronger than the 3.5 μm feature, and this is reflected in the integrated absorbances in Table 9 . On the other hand, in the Boudin et al. (1998) H 2 O 2 ice spectrum, the 7.33 μm feature is weaker than the 3.5 μm feature. Considering the trend in the relative strengths of these two features in our 3%, 30%, and 97% H 2 O 2 ice spectra, the difference between the two absorbance values can be reconciled if the mass concentration of the Boudin et al. (1998) ice mixture was ∼80% rather than 90%. Giguère & Harvey (1959) identify the 6.08 μm feature with the O-H bending mode in H 2 O. This is consistent with the agreement between the integrated absorbance for this feature in Table 9 and the published values for the same band in H 2 O ice: 8.4 × 10 −18 (d 'Hendecourt 1984 ) and 1 × 10 −17 (Hudgins et al. 1993) .
There is no published integrated absorbance for the strongest H 2 O 2 feature, the 3.09 μm O-H stretching mode. However, the value in Table 9 compares reasonably with published values for the equivalent feature in H 2 O ice, 2.0 × 10 −16 (Hagen et al. 1981 ) and 1.7 × 10 −16 (Hudgins et al. 1993) similar hydrogen bond strengths (Miller & Hornig 1961) this is probably not unreasonable. What this means in practice, however, is that the optical depth of this feature can be used to give the combined column density of H 2 O + H 2 O 2 in any line of sight (see Section 2.4).
No attempt has been made to calculate the integrated absorbances for crystalline H 2 O 2 because of the complex line splitting that takes place. However, the integrated band strengths of the crystalline 3.5 and 7.33 μm features, including the splitting, are comparable to the respective amorphous features to within ∼15% so the integrated absorbances in Table 9 for these two features should generally be applicable to the crystalline features.
Comparison with Observations
In order to quantify the possible H 2 O 2 component of molecular cloud ices, a group of low-and high-mass protostars and field stars lying behind molecular clouds were selected for comparison with the laboratory spectra (see Table 10 ). All of these sources are bright, well studied (i.e., most have published spectra covering all the wavelengths of interest), and have strong H 2 O ice absorption bands. They have been divided into two groups on the basis of the appearance of the 3.08 μm H 2 O ice absorption feature in their spectra which reflects different levels of thermal processing of the ice (see, e.g., the discussion in Smith et al. 1989) . For protostars in the "unprocessed" group their 3.08 μm H 2 O ice absorption features are typical of 10-20 K amorphous ice while the "processed" group have 3.08 μm features which are narrower and contain substructure consistent with exposure to higher temperatures.
To illustrate the potential contribution of H 2 O 2 to the protostar and field-star spectra, one protostar, Elias 29 in the ρ Ophiuchus molecular cloud, is compared to the laboratory spectra of 3%, 30%, and 97% H 2 O 2 ice in Figure 5 . The Elias 29 spectrum is a plot of the Infrared Space Observatory (ISO) Short Wavelength Spectrometer (SWS) low-resolution pipeline processed and calibrated data described in Boogert et al. (2000) . The data were converted to an optical depth scale using a continuum derived from a combination of blackbodies, reproducing as far as possible the Boogert et al. continuum; an exact match is not essential as no quantitative data are derived from this plot. Inspecting the published spectra of Elias 29 in Figure 5 and the other protostars and field stars near 3.5, 7.0, and 11.3 μm, there are no absorption features in any of the spectra that can definitely be identified with H 2 O 2 ice. There are, however, much broader absorptions that cover these wavelengths. For example, the 3.08 μm H 2 O ice band has a long-wavelength wing that extends past 3.5 μm, the combination of absorption bands at 6.0 and 6.85 μm extends past 7.0 μm, and the normally strong silicate absorption extends past 11.3 μm as does the 12.2 μm H 2 O librational band. Because of this underlying absorption, simply using the 3.5, 7.0, and 11.3 μm optical depths will not produce meaningful limits on the H 2 O 2 abundance. There is, however, a weak absorption feature near 3.47 μm superimposed on the broad long-wavelength wing of the 3.08 μm ice band to which H 2 O 2 could at least partially contribute. This feature is not obvious in Figure 5 because of its relative weakness compared to the long-wavelength wing. It extends from roughly 3.35 μm to 3.60 μm (see, e.g., Brooke et al. 1999) and is generally attributed to hydrocarbons (Allamandola et al. 1992; Pendleton 1997) . Other identifications have, however, been proposed (e.g., ammonia hydrate; Dartois et al. 2002) and additional absorption attributed to CH 3 OH (Grim et al. 1991 ) is seen in some objects near 3.54 μm.
To illustrate the possible contribution of H 2 O 2 to the 3.47 μm feature, Figure 6 shows the profile of this feature on an optical depth scale for Elias 29 and three other objects from Table 10 (Mon R2/IRS3, Mon R2/IRS2, and W51/IRS2), compared to the laboratory profile of the 3.5 μm feature in 10 K H 2 O 2 ice. The 3.47 μm spectra are from Boogert et al. (2000; Elias 29) , Sellgren et al. (1994; Mon R2/IRS3), and Brooke et al. (1999;  Mon R2/IRS2 and W51/IRS2). This does not necessarily mean that H 2 O 2 is present in these or any of the other objects in Table 10 , but it does illustrate why the optical depth at 3.5 μm provides a means of placing an upper limit to the amount of H 2 O 2 that could be present.
At 7.0 μm there is no reliable way to separate out the contributions of the underlying 6.0 and 6.85 μm absorption features and the intrinsic weakness of the laboratory 11.3 μm feature makes it much less reliable for deriving upper limits than the other, stronger features. Hence we have not attempted to derive upper limits for these features.
To quantify the potential contribution of H 2 O 2 to the protostar and field-star spectra, the optical depth, τ , can be converted to a column density, N, for the features of interest using the equation
(d 'Hendecourt 1984) , where the integrated absorbance, A, is from Table 9 and Δν is the FWHM of the feature. The integrated absorbance at 3.08 μm is essentially the same for both H 2 O 2 and H 2 O, so the optical depth at this wavelength gives the column density of H 2 O 2 + H 2 O in the line of sight. Combining this with the optical depth at 3.50 μm within the 3.47 μm feature to derive the nominal column density of H 2 O 2 , the upper limits to the H 2 O 2 abundance, relative to H 2 O, were determined for all the objects in Table 10 . For the entire group the H 2 O 2 abundance ranges from 2% to 17%, with an average of 9% ± 4%. Within the uncertainties, there is no difference between the processed and unprocessed groups.
DISCUSSION
For low temperature ices and low H 2 O 2 abundances there are only three spectral features, near 3.5, 7.0, and 11.3 μm, . These abundances are consistent with our observed upper limits, but are the O 2 /H flux ratios realistic in molecular clouds? Molecular oxygen has proven very difficult to detect in molecular clouds, with mostly only upper limits reported (e.g., Goldsmith et al. 2000) . However, O 2 was detected by Larsson et al. (2007) in the ρ Oph A molecular cloud with an abundance of 5 × 10 −8 relative to H 2 . We take this as an upper limit to the O 2 number density in molecular clouds in the form n(O 2 ) = 2.5 × 10 −8 n H . We assume that n(H) = 1 cm −3 is typical of the H atom concentration in molecular gas with n H 2×10 4 cm −3 and that n(H) = (5-27) × 10 −4 n H is typical for gas at lower densities (n H < 10 4 cm −3 ; Goldsmith & Li 2005) . For the higher density gas the interstellar O 2 /H flux ratios (n(O 2 )/n(H)) corresponding to experimental values of ∼2 × 10 −3 and ∼2 × 10 −4 require interstellar gas densities of n H ∼ 10 5 cm −3 and n H ∼ 10 4 cm −3 , respectively. For the lower density molecular gas the potentially higher (i.e., non-steady-state) H atom concentrations lead to density-independent O 2 /H flux ratios of ∼(0.9-5)×10 −5 . Thus, the requisite O 2 /H flux ratios are possible in molecular clouds.
As this article was being revised, several papers have appeared which allow further insights into the proposed roles for O 2 and H 2 O 2 in interstellar H 2 O production. Gas-phase H 2 O 2 has been discovered in the ρ Oph A molecular cloud by Bergman et al. (2011) , where O 2 was previously detected (Larsson et al. 2007) . The estimated H 2 O 2 abundance relative to H 2 is about 10 −10 , however, at present it is not possible to constrain the H 2 O 2 /H 2 O ratio as the H 2 O abundance in this source is not known. Goldsmith et al. (2011) have recently reported the detection of O 2 in Orion. The O 2 emission traces warm gas with temperatures in excess of about 150-180 K and is tentatively associated with the so-called Western Clump, adjacent to the Hot Core. This environment is more energetic than ρ Oph A and the high O 2 abundance (O 2 /H 2 = 1.3 × 10 −6 ) could be produced either by gas-phase chemistry following H 2 O ice mantle evaporation, or in low-velocity shock waves (Goldsmith et al. 2011) . Blake et al. (1987) previously reported an upper limit of H 2 O 2 /H 2 < 4.5 × 10 −10 from a spectral line survey of Orion which included emission from the Western Clump. 
